Polymer films of tetrahydrofuran containing 4,4'-bipyridinium-tetrakis[3,5-bis(trifluoromethyl)phenyl]borate as part of the main chain were cast on the surface of an optical waveguide (OWG) glass and were irradiated in degassed atmosphere. Colour changes due to photoinduced electron transfer in ultra-thin polymer films were sensitively detected by the OWG technique.
Introduction
Various photochromic systems employing polymeric thin films or Langmuir-Blodgett (LB) films have recently attracted much interest in view of their promising applicability to high-speed and high-density photon-mode optical memory. The photochromism reported so far involves changes of chemical bonds such as heterolytic cleavage of a pyran ring in spiropyrans or cis-trans isomerization in azobenzenes [1] .
Very recently we have reported novel photochromism (photoinduced electrochromism) in organic solutions [2, 3] , microcrystals [4, 5) , LB films [6] [7] [8] [9] [10] [11] , and polymer films [11] [12] [13] [14] [15] which was due only to the photoinduced electron transfer reaction via the excited state of specific ion-pair charge-transfer (CT) complexes [16, 17] of 4,4'-bipyridinium salts with tetrakis[3,5-bis(trifluora methyl)phenyl]borate [18] (abbreviated to TFPB'). The photochemical colouring and the thermal fading due to the reverse electron transfer were highly reversible in all systems [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The colour changes occurred in less than 20 ps. The optically written (blue) state was stored stably below 0 °C and in air [14, 15] . Such photoinduced electrochromism thus may be applied to ultra-fast photonmode optical memory [11] . Since the blue colour in these systems is due to the formation of 4,4'-bipyridinium radical rations, it can also be faded by the electron transfer reaction to appropriate oxidants such as oxygen or redox enzymes. In other words, these thin films showing photoinduced electrochromism may be applied to sensors to such oxidants. It is necessary to use sensing units as thin as possible to increase responses if the high sensitivity is achieved by appropriate means.
In the optical waveguide (OWG) experimenrts, light waves are confined in a very thin OWG layer accompanying the evanescent wave on both sides of an OWG. The chemical species trapped on the surface of an OWG experience high electric field and may or may not absorb the evanescent J. Phototoihm. Sdt. TCchfOL, ti'ol. 6, .\0. 1, 1993 wave. Swalen et al. [ 19] reported the absorption measurements of LB films sandwiched between a glass and a polymer waveguide. They showed a considerable increase of the sensitivity of such OWG as compared with conventional absorption measurements [19] . Ito and Fujishima applied the OWG method to flash photolysis and electrochemistry in solutions. [20, 21] In the present paper, highly sensitive detection of photoinduced electrochromism in ultrathin polymer films of 4,4'-bipyridinium-TFPW salts by the OWG method will be reported.
Experimental Materials
The synthesis of an elastic polymer containing 4,4'-bipyridinium-TFPB-salts was reported previously [12, 14] . The structure of this polymer is shown in Fig. 1 . Transparent polymer films were obtained by casting or spin-coating 1,2-dimethoxyethane solutions onto the surface of an OWG glass. The thickness was measured with the ellipsometry. The OWG glasses were prepared with a thermal ion-exchange method by immersing glass slides in molten pottasium nitrate at 370±1°C for 1-9 h [13] .
Measurements
The polymer films coated on an OWG glass were evacuated by a rotary pump to avoid reac- The OWG intensity was normalized from these data with a microcomputer (MC).
Results and Discussion
The absorption spectra of 4,4'-bipyridinium polymer films cast on a quartz plate before (a) and after (b) irradiation O'ex >3b5 nm) in vacuo at room temperature are shown in Fig. 3 . The colour of polymer films changed from pale yellow to blue due to the photoinduced electron transfer from a donor TFPW to an acceptor 4,4'-bipyridinium ion. The blue species, 4,4'-bipyridinium radical cations, showed strong absorption at the wavelength of a He-Ne laser. The intensity of a He-Ne laser monitored during photoexcitation of a polymer film with the average thickness of 180 nm is shown in Fig. 4 for a conventional vertical incidence (a) and the OWG method (b). The polymer film was J. Photopolym. Sci. Technol., Vol. 6, No. 1, 1993 irradiated in vacuo during a period between "light ON" and "light OFF". These results show that a considerable decrease of a guided laser intensity for (b) and only a small decrease for (a) during irradiation. The maximum absorbances evaluated from Fig. 4 at the end of irradiation were 0.6 for (b) and 0.004 for (a). It thus gave about 150-fold increase of the sensitivity with the OWG method.
The photogenerated 4,4'-bipyridinium radical cations are known to react very rapidly with oxygen to lose additional electrons and blue colour. In degassed conditions they showed a lifetime of about 72 h at 20°C in polymer films [12, 14] . The stability of the present chamber for keeping degassed state was confirmed by monitoring the intensity of a guided laser after turning off a Xe-Hg lamp. The signal intensity corresponding to the blue state was constant for a long time, which indicated the sufficient stability of this cell against oxygen [13] . The changes of absorbance calculated from observed laser intensities during irradiation using that before irradiation as a reference are shown in thickness. The initial rate estimated from the slope of the initial absorbance changes was proportional to the thickness upto about 400 nm. The detection limit for photoinduced electrochromism of novel polymer films by the present OWG method was about 1 nm. Similar colour changes in LB films of a single monolayer of long-alkyl chain derivatives of 4,4'-bipyridinium-TFPBsalts deposited on a quartz plate were successfully detected by the OWG method. The thickness of chromophores in that system is only about 0.3 nm, details will be reported elsewhere [22] . The photogenerated blue colour was faded away by oxygen with concentrations less than 8ppm. The relative rate of fading by 8ppm oxygen was found to increase with decreasing the thickness of polymer films.
Conclusion
The colour changes due to photoinduced electron transfer reactions in ultra-thin polymer films were detected sensitively by the optical waveguide method. The present results may be applied to construct new sensors for gas and enzymes based on redox reactions. with different
